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The PbMoO 4 co-doped with Tm 3þ , Tb 3þ Eu 3þ with scheelita structure was synthesized by the sonochemical method. The photoluminescent properties, structural and color coordinates emitted by phosphors were investigated. The structural analysis of the crystal and the changes in lattice parameters confirm that the rare earth ions (RE 3þ ) were successfully introduced into the host of the PbMoO 4 . The relationship between energy gap (Egap) and the concentration of RE 3þ ions was also discussed, the Egap is significantly influenced by the degree of structural order-disorder present in the crystal lattice. © 2017 Elsevier B.V. All rights reserved.
Introduction
The relationship between morphology and particle properties has attracted considerable attention from many researchers lately [1e3] because of the potential of these materials to be applied in multiple areas. Groups of functional materials are emerging based on the control of particle size and morphology. These characteristics are controlled from the synthesis parameters of the materials, such as: reagent concentration, precursor pH, reaction temperature and time and synthesis method [4] .
Molybdates are ternary compounds of the general formula AMoO 4 (A ¼ Ca, Sr, Ba, Pb, Cd, etc.) with a tetragonal structure of the scheelite type. The lead molybdate (PbMoO 4 ) is studied as potential material in photoluminescence, catalysis and scintillating materials [5e7] . The PbMoO 4 presents a I4 1 /a a space group and a C 6 4h symmetry group with two formula units per primitive cell [8, 9] and a specific feature of these systems is the existence of two different clusters in a crystal lattice, in which each Mo is surrounded by four Several methods were used to obtain lead molybdates such as microwave irradiation, sonochemical, co-precipitation and solvothermal [6,10e12] . The sonochemical method is a potential chemical route for the production of inorganic materials in the nano/micrometer scale [13e15]. The action of ultrasonic irradiation in the process of material synthesis results from a phenomenon known as acoustic cavitation. In this case, the formation, growth and implosive collapse of the bubbles in the solution occurs. The collapse of these bubbles allows the release of high energy in the form of high temperatures at localized points favoring that the formation reaction of the materials occurs. The extreme conditions of temperature (>5000 K), pressure (>20 MPa) and cooling rate (10 1 K.s À1 ) that the reaction medium can attain during acoustic cavitation may lead to the achievement of many superior properties by the irradiated solution [16] . Among the advantages that the sonochemical method presents are the rapid reaction rate, the control of the synthesis parameters, formation of uniform particles, with strict size distribution and high purity [17] . Inorganic materials doped with rare earth ions (RE 3þ ) have been extensively studied based on their f -f type transitions due to their wide application in the field of illumination [18, 19] ) were added to the reaction. The pH of the solution was adjusted to 9 by the addition of ammonium hydroxide, observing the precipitate formation. A europium solution, thulium solution and terbium solution were prepared through the dissolution of the respective oxides in nitric acid. The resulting solution was exposed to high intensity ultrasound irradiation (Branson Digital Sonifier) with 70% amplitude in a continuous mode. After that, the products were separated from the solution by centrifugation, washed with deionized water for four times to remove any residual material, and then dried at 80 C for 12 h. The time of synthesis was 30 and 45 min for each processed composition. The concentration of Tb 3þ and Tm 3þ was maintained to 1 mol% for these dopant in all compositions, the Eu 3þ concentration varied among 0.5, 1 and 1.5 mol% in order to assess its effect on the photoluminescence behavior.
Characterization of particles PbMoO 4 : RE
The phases present in the ceramic powder were investigated by X-ray diffraction (XRD) using a Shimadzu diffractometer, XRD-7000 model with radiation CuKa (l ¼ 1.5406 Å) in the range 2q from 10 to 90 and the step speed of 1 /min. The reflectance spectra in the Uvevisible particles were performed using a Cary equipment, 5G model. The distribution of particle size and morphology were investigated by Supra 35 VP-FEG-SEM (Carl Zeiss, Germany) operating at 6 kV. The photoluminescence spectra were obtained by the monochromator ThermalJarrel AshMonospec 27 and the Hamatsu R446 photomultiplier.
The excitation source used in the samples was a wavelength of 350.7 nm of a laser with krypton ions (CoherentInnova) with a power of about 13.3 mW, all measurements were performed at room temperature. UVevis and PL spectra were taken three times for each sample to ensure the reliability of the measurements. To characterize the color of light emmited by the samples, it was calculated the chromaticity coordinates, using the PL emission spectrum shown in Fig. 4 . The chromaticity coordinates in red (X), green (Y), and blue (Z) were determined according to the International Commission on Illumination system in 1968 [24, 25] using the following relationship:
where the parameters X, Y and Z are the following spectral integrals
X, Y and Z are spectral functions. The integrals (2) were calculated in the spectral range 350 and 800 nm. P (l) is the luminescence spectrum of the samples, which shows the intensity emitted.
The function P (l) is empirically determined, the values of l for he components x, y and z are 599, 555 and 446 nm, respectively [26] and X, Y and Z are functions for different spectral. As (2) they were calculated in the spectral range of 350 and 800 nm.
Results and discussion

X-ray diffraction
The patterns of X-ray diffraction of the samples synthesized by the sonochemical method are shown in Fig. 1 . All diffractions detected were indexed as a tetragonal crystal structure of scheelite type which is according to the crystallographic JCPDS card 
Where F(R) is the Kubelka-Munk function, R is the percentage of reflected light, k is the molar absorption coefficient and s is spreading coefficient. A incident photon energy (hn) and the energy bandgap (Egap) are related to the Kubelka-Munk function as follows:
, where A is a constant which depends on the transition probabilities and p is the power ratio that is related to the process of optical absorption, p is equal to 1/2 or 2 for direct or indirect allowed transitions, respectively. According to Lacomba-Perales et al., the molybdates with tetragonal structure scheelite type present a direct allowed electronic transition (p ¼ 1/ 2) [29] . The estimated values of Egap for PbMoO 4 particles pure and co-doped with RE are shown in Fig. 2 . It is observed that the values obtained are in accordance to the ones found in Ref. [5] . The gap energy depends on the degree of structural order-disorder present in the crystal lattice. The increase of RE 3þ ions in the PbMoO 4 structure causes a reduction in its structural organization due to the appearance of intermediate levels in the forbidden band [30] . Therefore, a considerable reduction in the optical band-gap is probably linked to exchange ordered complex clusters to disordered complex clusters. In this typical semiconductor, the PbMoO 4 crystal lattice can have different types of electronic structure characteristics such as intercluster (intermediary range) and intracluster (local range) interactions, which can be due to three different sources: orientation, induction, and dispersion interactions [31] . From the absorption edges of the sample band gap PbMoO 4 obtained was estimated at between 3.18 and 3.24 eV, which is in good agreement with the values obtained previously reported data band gap [32] . The Egap values showed small differences which may be related to other experimental aspects including material preparation, particle morphology and synthesis processing time. Fig. 3 shows the photoluminescence spectrum of pure PbMoO 4 . The PL emission for particles was obtained using a laser with a wavelength equal to 350.7 nm, at environment temperature. It is noted that PbMoO 4 has an emission band with a predominantly green emission region, as shown in previous studies [33] .
The PL spectrum shows a broad band between 400 and 750 nm. The curve in Fig. 3 shows a peak emission at 520 nm, which can be attributed to the charge transfer transitions within the [MoO 4 ] clusters. This behavior can be related to the existence of structural defects of the Frenkel type (oxygen ions are out of their net position generating oxygen vacancies simultaneously) [34] . These results indicate that the photoluminescence properties of PbMoO 4 are very sensitive to the structure and heavily dependent on structural defects. The result of the deconvolution performed in PbMoO 4 emission spectrum through the Peak Fit Program. Version 4.12 shows that broadband was broken down into four components in the range of blue, green, orange and red.
Some theories have been proposed to explain the PL emission behavior of molybdates. Blasse and Grabmaier [35] claim that the PL emission arises from a return of radiative emission is in competition with the non-radiative decay to the ground state. This non-radiative process leads to vibration and heating of the crystalline material lattice. From theoretical studies of the photoluminescence of CaMoO 4 , Campos et al. [36] Ryu et al. [45] and Yang et al. [46] relates the emergence of photoluminescent properties of molybdates with their morphology, crystallinity degree, and particle size.
The color coordinate is one of the important factors to evaluate the phosphors performance. Fig. 5 shows the chromaticity coordinates (x, y) of pure and co-doped samples PbMoO 4 produced in 30 and 45 min. It is observed that all samples showed emission in the green region due to a higher contribution of around 520 nm as previously shown in Fig. 3 . Table 2 lists the x, y values and color emitted for each sample.
The introduction of a dopant rare earth type in the host causes distortions in the lattice in the host material. This is because the ion characteristics substituent (RE 3þ ) is different from the replaced ion (Pb 2þ ). Some important factors that should be observed for the solubility of (RE 3þ ) in the matrix, they are: proximity of the size of the ionic radius of RE 3þ and Pb 2 þ
, the valence proximity and has the same crystal structure. The vacancy generation in the material is a mechanism to neutralize the electrical charges due to the replacement Pb 2 þ / RE 3þ . These types of structural defects are responsible for the facilitation of electronic transitions within the band gap. There is the XRD results that there is no intermediate stage of formation of rare earth elements. May so say that all the dopants have been successfully introduced into the PbMoO 4 . The presence of rare earths is perceived through its specific transitions in emission spectra, shown in Fig. 4 . An important contribution of the host is low phonon energy, which is related to non-radiative transitions, minimizing relaxation rates multiphonon thereby increasing the quantum efficiency. It is observed in the image forming microparticle agglomerates. Of these microparticles coalesce in an oriented mode, these crystals grow in a definite direction as seen in Fig. 6a, d . This type of growth mechanism quite reported in literature [47] is known as Oriented Attachment. This process consists in the growth of particles by crystallographic alignment and coalescence of neighboring particles by eliminating the common interface between particles while other particles have a disoriented growth. After nucleation, the particles tend to form aggregates due to Ostwald Ripening growth process (OR) [48] . The OR process occurs spontaneously so that the larger particles are energetically favored by the smaller particles resulting in the coalescence of the particles. These particles exhibit an anisotropic growth. According to Fig. 6e , the PbMoO 4 particles show a morphology similar to a micro -octahedron.
Increases attention to control of the morphology and size of particles obtained by chemical methods because these characteristics can affect its properties and performance compromise their technological applications. The crystal initially provides a primary level of agglomeration. The structure of PbMoO 4 consists of small crystals of a few nanometers. The growth rate of the crystals can is associated with saturation of the reaction medium, this behavior does not occur in a linear manner in previous studies. Fig. 7 shows the average particle size distribution of PbMoO 4 particles processed in the sonochemistry method at different synthesis time.
It is observed a decrease in the average size of the particles due to the increase in time exposure by the ultrasound of 30e45 min PbMoO 4 particles treated by a sonochemical amplitude of 70% in 30 and 45 min showed a broad-range size distribution. Almost 34% of the particles synthesized at the 30 min time is between 0.75 and 0.9 mm. For particles produced in 45min, 32% of them correspond to the size between 0.9 and 1.1 mm. This behavior has been discussed by Suslick and Price [49] , who suggests that the propagation of shock waves may induce the sintering of solid particles of the solute in a liquid-solid system, from collisions between particles at straight angles. Fig. 8 shows the schematic representation of the main growth mechanisms involved in the synthesis of PbMoO 4 crystals by the sonochemical method. The crystal growth is controlled by extrinsic and intrinsic factors, including the degree of supersaturation, diffusion of the reaction, surface energy, crystal structure, and solution parameters. Several well-known crystal growth mechanisms in the solution system are the oriented attachment, Ostwald ripening process. (Fig. 8a) . The increase in the precipitation rate is observed with the addition of NH 4 OH solution to generating a disordered growth of the crystals due to a rapid process of self-assembly during the precipitation material. When the PbMoO 4 crystals are exposed to the irradiation of ultrasound, the energy supplied to the solution allows the dissolved crystals to start a recrystallization process (Fig. 8b) , which is attributed to the cavitational effects resulting out of the high frequency irradiation. The crystals obtained in this stage have led to growth. Subsequently, PbMoO 4 particles have an anisotropic growth and formation of irregular micro-octahedrons. This growth mechanism is known as Ostwald Ripening, where small particles are less thermodynamically stable than larger ones. This coalescence occurs which promotes growth (Fig. 8c) . The PbMoO 4 crystals show a growth model oriented in the crystallographic direction [001] . This type of crystal growth mechanism is called the Oriented Attachment. Fig. 8d shows the particles with dendritic structure.
There is a main trunk and four cross arms extending from the center of the main trunk. Crossed branches build the structure of a perfect perpendicular. It is observed that the dendritic morphology constituted nanopolyedrons arranged which are connected to each other in an interesting way. This type of morphology is described in previous work [50, 51] .
Conclusions
In summary, this study explained that the particles of PbMoO 4 are obtained easily through sonoquímico method without the need for subsequent heat treatment. XRD results indicate that the crystals have tetragonal scheelite structure of the type without the presence of secondary phases. The variation of Egap between 3.18 and 3.24 eV is justified by the existence of intermediate levels in the band gap from the presence of the RE 3þ PbMoO 4 lattice. This effect is favorable to facilitate the electronic transitions, optimizing the photoluminescent properties. The PbMoO 4 matrix presents a significant behavior in photoluminescence with discrete bands related to the transitions of type f / f of rare-earths. A broadband model was proposed to explain the emission PL allocated by charge transfer within the cluster [MoO 4 ] which there is as photoluminescence properties of PbMoO 4 are very sensitive to the structure and heavily dependent on structural defects. Agreements with chromaticity coordinates, the samples showed a predominant issue in green. The morphological evolution of the particles was examined, indicating an anisotropy of crystal growth through Ostwald Ripening and oriented Attachment mechanisms. The results of this work suggest that these materials have significant potential for use in the field of light-emitting diodes. 
